Two 3D seismic-physical modeling datasets were acquired and analyzed to verify the physical basis of using P-wave attributes for fracture detection. We also aim to understand the usage of these attributes and their merits, and to investigate the effects of acquisition geometry and structural variations on these attributes. One model was designed to maximize the data quality, and another model was designed to increase the offset-depth ratio to the top of the fracture layer. The study of both datasets reveals that the P-wave attributes (traveltime, amplitude and velocity) exhibit azimuthal variations. For the high quality data, the amplitude from the top of the fracture layer yields the best results that agree with the physical model parameters, but the results from other attributes (traveltime, velocity, AVO gradient) are either contaminated by the structural imprint, or by the acquisition footprint. For the data with larger offset-depth ratio, the traveltime attributes yield the best results, but the results from the amplitudes are affected by the noise and are less reliable.
Introduction
The underline physics of using seismic anisotropy to detect natural fractures comes from the equivalent medium theory for seismic wave propagation in fractured media, which has been intensively studied by many authors (e.g. Hudson, 1981; Schoenberg and Douma, 1988; Liu et al, 2000; Chapman, 2003; amongst others.) . Numerical modelling based on the theory reveals that azimuthal variations in P-wave amplitude and traveltime are diagnostic features of the fractured medium. Over the past ten years, there has been a continual increase in the use of 3D P-wave data for fracture characterization. Both numerical modelling and case history of fracture detection using P-wave seismic has been the subject of intensive study (e.g. Lynn et al., 1996; Hall et al., 2001; Li et al., 2003; amongst others) . In comparison, the number of corresponding physical-modelling studies is much less (Luo and Evans, 2004) .
Here, we fill this gap by presenting physical modelling studies of fracture detection using large-scale 3D P-wave seismic data. In addition to an examination of the underlying physics, this study also investigated the effects of acquisition geometries and compared the use of different P-wave seismic attributes and different analysis techniques on fracture detection with the two physical modelling datasets.
The physical models and data acquisition
The base model consists of three horizontal layers. The first and third layers are constructed from the same material (epoxylite) and are believed to be isotropic. The second layer is constructed from a special industrial material and is believed to be azimuthally anisotropic with fracture density about 0.2. There are also two built-in geological features inside the fracture layer. One is a dome, and the other is a fault block, consisting of a normal and a vertical fault. The model is constructed with a scale of 1:10000 for spatial dimensions and time measurements with a corresponding velocity scaling of 1:1. Two models are derived from the base model for simulating different offset-depth ratios and acquisition geometries.
3D data acquisition is conducted in a water tank. The acquisition geometry is designed to ensure a wide-azimuth coverage. For each model, a 3D dataset equivalent to 20 km 2 was acquired. Figure 2 shows a comparison of sample shot gathers from the two models. The arrows mark the primary reflections from the base model in Figure 1 . For Model 1, the data are of high quality. For Model 2, the primaries are contaminated with multiples and refracted arrivals, but the top and bottom reflection events of the fracture layer are still visible. Both datasets have a good coverage over azimuth, thus can be used for fracture analysis. 
Azimuthal variations of P-wave attributes
The physical model consists of only a single set of fractures. Numerical modelling of wave propagation in such a medium predicts that the P-wave seismic attributes, such as traveltime, velocity and reflected wave amplitude will vary with azimuth, diagnostic of fracture-induced anisotropy (e.g. Hall et al., 2001) . To verify this, we examine the azimuthal variations in Pwave attributes for both models. , since wave propagates slower along the fracture normal than along the fracture strike. At an intermediate azimuth, the wave propagates with a velocity faster than at the fracture normal but slower than at the fracture strike. When an intermediate velocity for an intermediate azimuth is used to correct the moveout, it will over-correct the events at the strike direction, but under-correct the event at the normal direction. However, due to the lack of offset coverage, this azimuthal residual normal moveout variation is not equally developed for the data of Model 1. Numerical modelling predicts that the azimuthal variations of P-wave attributes can be approximately described by an ellipse. For velocity variation, the long axis of the ellipse indicates the fracture strike, and the ratio of the short to long axis is proportional to the fracture density. This can clearly be observed in Figure 4b for Model 2. In comparison, the corresponding variation in Model 1 is much weak due to the lack of offset coverage. 
Extracting fracture parameters
Two methods have been used to extract the fracture information from P-wave attributes: fullazimuth surface fitting and narrow-azimuth stacking. The first method fits an elliptical surface to data from all available azimuths and offsets by a least-square fitting technique. The second method divides the data into a number of narrow-azimuth volumes. Corresponding to these two methods, there are four principal seismic attributes: traveltime, amplitude, velocity and AVO gradient, which may be used to extract the fracture information. The surface fitting method is suitable for the traveltime and amplitude attributes. The narrow azimuth method is suitable for the velocity and AVO gradient attributes. Figure 5 shows the comparison of the results estimated from the top amplitudes of the two models. The color displays the fracture intensity and the superimposed short lines indicate the fracture strike azimuth. Figure 6 shows the comparison of the results estimated from the interval velocity of the fracture layer. 
Analysis and findings
The amplitude is the most sensitive attribute. For the data of Model 1, even the offset-depth ratio to a target is quite small (offset/depth = 0.5), fracture parameters can still be determined quite accurately from the amplitude attributes. However, the presence of a small amount of noise will significantly distort the results even with sufficient offset coverage (offset/depth = 2.0). Therefore, for the use of amplitude attribute, it is more important to reduce noise and preserve amplitude than to increase offset coverage.
The use of traveltime attributes required sufficient offset coverage to allow the azimuthal variation sufficiently developed. For insufficient offset coverage (offset/depth < 1.0), the results will be heavily influenced by structural imprint. The offset and azimuthal coverage is critical for the success of using P-waves for fracture detection. The study reveals that the offset-depth ratio should be at least larger than 1.0. Only in a noise-free environment, may there be sufficient sensitivities from the amplitude attribute to resolve the fracture parameter for offset-dept ratio approaching 0.6. Large offset coverage makes it possible to use the traveltime attributes. A reliable estimation from traveltime attributes required offset-depth ratio of 1.0 or more.
The structural variation will leave a significant imprint on the estimated results, particularly if the offset-depth ratio is not sufficiently large. However, these effects may be compensated for by increasing the offset coverage and by the use of traveltime attributes. When the magnitude of azimuthal variation due to anisotropy exceeds that due to structural variations, the structural imprint will be significant reduced.
Conclusions
We have carried out two physical experiments and performed a detailed analysis. Azimuthal variations of P-wave attributes are observed, confirming the numerical modelling results based on the equivalent medium theory. Two methods (full-azimuth/full-offset and narrowazimuth/full-offset) have been used and four seismic attributes have been analyzed for fracture parameter estimation. The offset-depth ratio to the target is a key parameter for the success of the P-wave techniques, which affects the choices of attributes and the choice of processing methods. Smaller offset-depth coverage may only be applicable to amplitude attributes with high quality data; whilst large offset coverage makes it possible to use traveltime attributes, which is less sensitive to noise, reducing the effects of acquisition foot print as well as the structural imprint. A reliable estimation from traveltime attributes required offset-depth ratio of 1.0 or more.
